Why Orange Guaymas Basin Beggiatoa spp. Are Orange: Single-Filament-Genome-Enabled Identification of an Abundant Octaheme Cytochrome with Hydroxylamine Oxidase, Hydrazine Oxidase, and Nitrite Reductase Activities by MacGregor, Barbara J. et al.
Why Orange Guaymas Basin Beggiatoa spp. Are Orange: Single-
Filament-Genome-Enabled Identification of an Abundant Octaheme
Cytochrome with Hydroxylamine Oxidase, Hydrazine Oxidase, and
Nitrite Reductase Activities
Barbara J. MacGregor,a Jennifer F. Biddle,b Jason R. Siebert,c Eric Staunton,d Eric L. Hegg,c Ann G. Matthysse,e Andreas Teskea
Department of Marine Sciences, University of North Carolina—Chapel Hill, Chapel Hill, North Carolina, USAa; College of Earth, Ocean, and the Environment, University of
Delaware, Lewes, Delaware, USAb; Department of Biochemistry & Molecular Biology, Michigan State University, East Lansing, Michigan, USAc; Department of
Environmental and Health Sciences, University of North Carolina—Chapel Hill, Chapel Hill, North Carolina, USAd; Department of Biology, University of North Carolina—
Chapel Hill, Chapel Hill, North Carolina, USAe
Orange, white, and yellow vacuolated Beggiatoaceae filaments are visually dominant members of microbial mats found near sea
floor hydrothermal vents and cold seeps, with orange filaments typically concentrated toward the mat centers. No marine vacuo-
late Beggiatoaceae are yet in pure culture, but evidence to date suggests they are nitrate-reducing, sulfide-oxidizing bacteria. The
nearly complete genome sequence of a single orange Beggiatoa (“Candidatus Maribeggiatoa”) filament from a microbial mat
sample collected in 2008 at a hydrothermal site in Guaymas Basin (Gulf of California, Mexico) was recently obtained. From this
sequence, the gene encoding an abundant soluble orange-pigmented protein in Guaymas Basin mat samples (collected in 2009)
was identified by microcapillary reverse-phase high-performance liquid chromatography (HPLC) nano-electrospray tandem
mass spectrometry (LC–MS-MS) of a pigmented band excised from a denaturing polyacrylamide gel. The predicted protein
sequence is related to a large group of octaheme cytochromes whose few characterized representatives are hydroxylamine or hy-
drazine oxidases. The protein was partially purified and shown by in vitro assays to have hydroxylamine oxidase, hydrazine oxi-
dase, and nitrite reductase activities. From what is known of Beggiatoaceae physiology, nitrite reduction is the most likely in vivo
role of the octaheme protein, but future experiments are required to confirm this tentative conclusion. Thus, while present-day
genomic and proteomic techniques have allowed precise identification of an abundant mat protein, and its potential activities
could be assayed, proof of its physiological role remains elusive in the absence of a pure culture that can be genetically
manipulated.
Guaymas Basin is a midocean spreading center located at about2,000 m depth in the Gulf of California (1), where hydrother-
mal fluid percolates to the surface through a complex system of
basaltic sills and dikes, which are buried in organic-rich sediments
derived from terrestrial runoff and the highly productive overly-
ing waters (2, 3). Orange and white Beggiatoaceae filaments are
typically found together in the central portion of Guaymas Basin
sediment-surface microbial mats, where subsurface temperature
gradients are steepest, surrounded by a mat dominated by white
filaments (4). The results of physiological studies of orange
Beggiatoa (“Candidatus Maribeggiatoa” [5]) filaments collected
from mat material have been consistent with a nitrate-reducing,
sulfur-oxidizing metabolism (6), although pure cultures have not
yet been obtained. Orange Guaymas Beggiatoa (“Candidatus
Maribeggiatoa”) species accumulate nitrate (4, 7), likely within
their vacuoles, as has been observed or postulated for other, larg-
er-diameter Beggiatoaceae (8, 9). In order to better understand the
physiology of these uncultured bacteria, a single orange Guaymas
Basin filament was physically isolated and purified of epibionts for
genomic sequencing (B. J. MacGregor, J. F. Biddle, C. Harbort,
A. G. Matthysse, and A. Teske, submitted for publication).
Orange filaments examined by epifluorescence microscopy
during our 2008 and 2009 Guaymas Basin cruises had a diameter
of 35 m, corresponding to the 25- to 35-m size class reported
from repeated earlier sampling (10). Prince et al. (11) identified
proteins extracted from a mixed natural population of orange
Guaymas Beggiatoaceae (average cell width, 30 m; sample 1615)
as c-type cytochromes. Pigmented (yellow and orange) and non-
pigmented Beggiatoaceae are also found in the neighborhood of
cold seeps in the Gulf of Mexico, and pigmented cells collected
there contained a soluble protein with peak absorbance at 390
nm (12).
In centrifuging Guaymas Basin mat samples that had been
stored at 80°C for RNA extraction, we noted that the superna-
tant from orange mats was deep orange, suggesting release of some
soluble material from the cells. Denaturing protein gel electro-
phoresis of this supernatant revealed a single pigmented band,
which comigrated with the predominant Coomassie-stained
band; no corresponding strong band was detected in white-mat
supernatants. The identification, preliminary characterization,
and possible physiological role of the protein are described here, in
the context of the single-filament genome sequence.
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MATERIALS AND METHODS
Genome sequencing and annotation. An orange tuft retrieved from core
4489-10 (Fig. 1A) from the RV Atlantis/HOV Alvin cruise AT15-40 (13
December 2008) at the UNC Gradient Mat site in Guaymas Basin, Gulf of
California, Mexico (latitude 27°0.450300=N, longitude 111°24.532320=W;
depth, 2,001 m) was purified of epibionts, and its genome was amplified,
sequenced, assembled, and annotated as described elsewhere (MacGregor
et al., submitted). A total of 99.3% of the sequence was assembled into 822
contigs, suggesting good coverage was achieved. A total of 4.7 Mb of
sequence was recovered, with 80% of the sequence forming large (15-
kb) contigs. Throughout this paper, annotated sequences are referred to
by 5-digit contig and 4-digit open reading frame (ORF) numbers, e.g.,
00024_0691, and the genome is called the BOGUAY genome (the
IMG/ER acronym, derived from “Beggiatoa orange Guaymas”). Addi-
tional sequence analysis was carried out using a combination of the J.
Craig Venter Institute (JCVI)-supplied annotation; the IMG/ER (13) and
RAST (14) platforms; and BLASTN, BLASTX, BLASTP, and PSIBLAST
searches of the GenBank nr databases. Tests of genome completeness are
described elsewhere (MacGregor et al., submitted).
Protein identification. Orange and white mat samples were collected
with a slurp gun on Alvin dive 4571 (Fig. 1A and B), 2 December 2009,
from the Busted Mushroom area (latitude 27°0.647400=N, longitude
11°24.405780=W; depth, 1,990 m). Samples were stored frozen at 80°C
for approximately 1 month, and subsamples were scraped off with a sterile
spatula. The orange-mat supernatant (500 l) was collected by centrif-
ugation (6,400  g; 3 min; 4°C) from 0.5 g of mat material (Fig. 1C). Ten
microliters of supernatant was separated by SDS-PAGE minigel electro-
phoresis (10% polyacrylamide, 0.1% SDS, no reductant; 80 V through
stacking gel and 150 V thereafter for 1.25 h) (Fig. 1D), and the most
strongly Coomassie-staining band, which was also visibly pigmented, was
excised for identification. Protein identification was performed at the
Harvard Microchemistry and Proteomics Analysis Facility by microcap-
illary reverse-phase high-performance liquid chromatography (HPLC)
nano-electrospray tandem mass spectrometry (LC–MS-MS) on a
Thermo LTQ-Orbitrap mass spectrometer. The MS-MS spectra were cor-
related with the BOGUAY genome sequence using Sequest (15) and pro-
grams developed by the Harvard group (16), reviewed for consensus with
known proteins, and manually confirmed for fidelity. The signal sequence
was predicted by SignalP via the SMART interface (17, 18), and the pro-
tein’s subcellular location was predicted by PSORTb v3.2 (19), in both
cases using the default bacterial settings.
In-gel and in-solution activity measurements. Protein concentra-
tions were determined by the bicinchoninic acid (BCA) assay (Thermo
Fisher). For in-gel assays, samples were incubated in loading dye (50 mM
Tris-HCl, pH 6.3, 0.2% bromophenol blue, 10% glycerol) containing
0.2% SDS in the absence of reductant for 10 min at 42°C, loaded on a 10%
(most assays) or 15% (hydroxylamine oxidase assay) SDS-PAGE gel, and
electrophoresed at 120 V for 90 min or (for hydroxylamine oxidase assays)
until the ammonium sulfate in the mat supernatant fractions had run off
the gel. For hydroxylamine and hydrazine oxidase activity staining, the
FIG 1 (A) Slurp gun collection on dive 4571 of a mat sample used for protein characterization, showing orange and white Beggiatoaceae mats, mineral deposits
(top right), and the Alvin arm with slurp gun. (B) Orange Beggiatoa (“Candidatus Maribeggiatoa”) tuft. Note that individual filaments are visible. (C) Cell pellets
and supernatants from orange (O) and white (W) mats showing the strong coloration of the orange-mat supernatant. (D) Unstained polyacrylamide gel showing
a single pigmented 50-kDa band (arrow) in the orange-mat supernatant (SDS-14% PAGE, 0.1% SDS; 5 l orange-mat supernatant per lane). P, prestained
molecular mass markers (Amersham); R, Rainbow molecular weight markers (GE Healthcare); -ME, -mercaptoethanol.
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assay solution was composed of equal volumes of 0.2 mM phenazine
methosulfate (PMS) in 50 mM Tris-HCl, pH 8.0 (made fresh each time),
and 0.4 mg ml1 3[4,5-dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium
bromide (MTT) in the same buffer (20). The solutions were mixed im-
mediately before use, and hydroxylamine or hydrazine was added to a
final concentration of 5 mM. Gels were incubated in the assay solution for
30 min with rocking in the dark before being scanned. For heme staining
(39), the gels were washed for 10 min in 3:7 (vol/vol) methanol-sodium
acetate (0.25 M, pH 5.0) and incubated for 20 min in the dark in 3:7
(vol/vol) sodium acetate (0.25 M, pH 5.0) containing 6 mM 3,3=-dime-
thoxybenzidine dihydrochloride in methanol (21). Hydrogen peroxide
was then added to make a 60 mM final concentration, and the gel was
incubated an additional 60 min. The gel was then washed for 30 min in
8:1:1 (vol/vol/vol) double-distilled water (ddH2O)-methanol-acetic acid
(21), scanned, and then equilibrated in water before drying.
In vitro spectrophotometric assays were performed anaerobically in
air-tight Schlenk cuvettes using a Hewlett-Packard 8453 spectrophotom-
eter equipped with a multicuvette sample holder. All reactions were per-
formed in triplicate and prepared in an anaerobic Coy Chamber. The
hydroxylamine and hydrazine assay solutions consisted of 3.0 ml of 100
mM potassium phosphate buffer (pH 8.0) containing 1.2 mM MTT, 2.0
mM PMS, and 1.5 mM either hydrazine or hydroxylamine (22–24). The
reactions were initiated by the addition of 100 l of enzyme solution
(3.1-ml total volume), and the progress of the reactions was monitored
spectrophotometrically by collecting spectra every minute for 10 min.
Initial rates were calculated from the change in absorbance over time at
578 nm after subtracting the rate of the blank. The nitrite reductase assay
solution consisted of 3.0 ml of 100 mM potassium phosphate buffer (pH
7.0) containing 0.6 mM methyl viologen, 10 mM NaNO2, and enzyme.
The reaction was initiated by the addition of sodium dithionite to a final
concentration of 3.23 mM. Reaction progress was monitored as described
above using the change in absorbance at 500 nm (25).
RESULTS
Identification of an abundant orange protein. Supernatants of
cell pellets from orange-mat samples collected in 2009 and stored
frozen were a deep orange-red, in contrast to the relatively color-
less supernatants from white-mat samples (Fig. 1C). Denaturing
gel electrophoresis of -mercaptoethanol-reduced orange-mat
supernatant revealed a single pigmented band (Fig. 1D), which
was identified by tandem mass spectroscopy and partially purified
for in vitro characterization, as described below.
The pigmented protein is encoded by ORF 00024_0691. The
pigmented band was excised from a Coomassie-stained SDS-
PAGE gel for identification. Peptide fragment sequences were
identified by LC–MS-MS and compared to the protein se-
quences predicted from the BOGUAY genome obtained from an
orange filament collected from a different mat (MacGregor et al.,
submitted). Of 1,272 spectra obtained, a total of 431 (89 unique)
could be assigned to 00024_0691 (versus a total of 78 [10 unique]
for the conserved hypothetical protein 00871_2242, the second
most represented), covering 61.3% of the protein. These spectra
accounted for 87% of the total ion current for all fragments (ver-
sus 2.4% for hypothetical protein 01444_5033) and 22% of the
average ion currents per contig (versus 9.2% for 01444_5033) (see
Fig. S1 in the supplemental material). From the single-filament
genome, open reading frame 00024_0691 is by far the best match
to the pigmented protein from the bulk orange mat and was orig-
inally annotated as “hypothetical protein.” The apoprotein en-
coded, without the predicted signal peptide (see below), has a
predicted molecular mass of 54.9 kDa (26), to which eight hemes
would add approximately 5.5 kDa (27). This is consistent with its
apparent molecular mass by SDS-PAGE (Fig. 1D).
Open reading frame 00024_0691 is predicted to encode a se-
creted octaheme cytochrome related to hydroxylamine and hy-
drazine oxidases. The first 27 amino acids (aa) of the predicted
00024_0691 amino acid sequence represent a possible signal se-
quence (17, 18), and the protein is predicted from its sequence to
be periplasmic (19); specific signal sequences for secretion to the
vacuole, if any, are not known. Its inferred phylogeny is shown in
Fig. S2 in the supplemental material; close relatives include a sec-
ond BOGUAY sequence (00935_1708), which in turn is related to
a sequence from the genome of the coastal Beggiatoa (“Candidatus
Isobeggiatoa”) strain PS. The 00024_0691 sequence is affiliated
with a metagenomic sequence assigned to the SUP05 cluster
found in marine oxygen minimum zones (28), as well as with two
sequences from gammaproteobacterial endosymbionts of hydro-
thermal vent organisms. Of the limited number of BOGUAY pro-
tein phylogenies examined to date, the general pattern is most
similar to that found for ATP citrate lyase (MacGregor et al., sub-
mitted), a key enzyme in the reductive tricarboxylic acid (TCA)
cycle.
Heme-binding sites, active-site residues, and a possible sub-
unit interaction residue were identified by comparison with the
hydroxylamine and hydrazine oxidase protein alignment of Klotz
et al. (29). The predicted amino acid sequence falls into group II.2,
along with putative octaheme proteins identified in other ge-
nome-sequencing projects. A representative selection of these is
shown in Fig. 2, excluding for simplicity two additional She-
wanella sp. sequences. The 00024_0691 amino acid sequence has
eight predicted heme-binding sites (CXXCH). Six possible heme
axial ligands (all histidines) can be identified by comparison with
the characterized proteins. The axial ligand for heme 7 cannot, but
a histidine conserved among the group II.2 sequences several
amino acids downstream from the ligand in the characterized pro-
teins is a candidate for the role. Similarly, a tyrosine implicated in
subunit interaction in the characterized proteins is missing in
group II.2, but there is a conserved tyrosine several amino acids
downstream.
In addition to 00024_0691 and 00935_1708, the BOGUAY ge-
nome includes proposed genes for three other multiheme cyto-
chromes. One octaheme cytochrome (01341_2386) may be a
periplasmic nitrite reductase (MacGregor et al., submitted). ORF
00614_2851 is predicted to encode a soluble periplasmic octa-
heme cytochrome and 00935_1710 a membrane-anchored one, as
characterized by IMG/ER (13). Their predicted molecular masses
(26) (plus 8 heme groups [27]) are as follows: 00935_1710, 41.2
kDa (46.7 kDa); 01341_2386, 61.2 kDa (66.7 kDa); 00614_2851,
47.1 kDa (52.6 kDa); and 00935_1708, 64.9 kDa (70.4 kDa). The
putative pentaheme cytochrome (01100_4349) is predicted to be
membrane anchored.
The gene neighborhood of 00024_0691. The genomic neigh-
borhood of 00024_0691 was examined for possibly related genes
(Fig. 3). As annotated by IMG/ER and RAST, it is in a group of five
ORFs in the same orientation (0689 to 0693). 00024_0689 and
00024_0690 both encode short hypothetical proteins with no
close database matches (as of March 2012). 00024_0692 appears
to encode an alpha/beta superfamily hydrolase. This is specified as
an acetyl xylan esterase by IMG/ER, but given the diverse activities
of this enzyme family, the more general designation seems advis-
able. None of its close homologs are adjacent to annotated cyto-
chrome genes. 00024_0694, downstream and transcribed in the
opposite direction, encodes a putative haloacid dehalogenase su-
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FIG 2 Amino acid sequence alignment of putative BOGUAY genome HAO-like octaheme cytochromes 00024_0691 and 00935_1708 with related proteins and
predicted proteins. Homologs of the two closely related HAO-like BOGUAY sequences (boldface) were identified by BLASTP searches of the NCBI and IMG/ER
databases, and the central regions of each were aligned in accordance with the alignment of Klotz et al. (29). Nitrosomonas europaea HAO and Kuehenia
stuttgartiensis HZO are included for comparison. Possible heme-binding sites and axial iron ligands are underlined, and active-site residues are underlined and
italicized. A conserved arginine is proposed to hydrogen bond with the propionate group of heme 3. A tyrosine acts as an intersubunit cross-link in the N.
europaea HAO and putatively in the K. stuttgartiensis HZO, a conserved tyrosine in the other sequences is a possible homolog, and a nearby conserved histidine
might serve as the heme 7 axial ligand (question marks). Accession numbers for GenBank sequences: SUP05_FGYC13F180042, ACX30478; Shal_1091,
YP_001673319; BgP_3120, ZP_01999520.1; Rfer_0059, YP_521352.1; Mmc1_3025, YP_866922.1; HAO, CAD84873; HZO, CAJ71439. The remaining sequences
can be found in IMG/ER (http://www.jgi.doe.gov) using the locus tags shown (e.g., BOGUAY_0691).
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perfamily hydrolase (COG0637 by IMG/ER and BLASTP), an-
other hydrolase group with a broad range of functions.
00024_0695 is predicted to encode an Mn2/Fe2 transporter of
the NRAMP (natural resistance-associated macrophage protein)
family, divalent cation transporters widespread in both pro-
karyotes and eukaryotes. These two genes do not seem to be gen-
erally associated with each other, or with multiheme cytochromes,
in other sequenced microbial genomes. ORF 00024_0693, down-
stream of the putative alpha/beta family hydrolase gene, may be
derived from a mobile element (B. J. MacGregor, J. F. Biddle, A. G.
Matthysse, and A. Teske, submitted for publication).
Directly downstream of 00024_0691 on the opposite strand is a
putative NuoN gene (Fig. 3), encoding a subunit of the membrane
complex of the respiratory NADH-quinone oxidoreductase
(complex I). In bacteria and mitochondria, this complex transfers
electrons from NADH via the quinone pool to respiratory electron
transport chains. In those bacteria in which it has been studied,
this consists of a quinone-reducing membrane complex (NuoA,
-H, -J, -K, -L, -M, and -N), a connecting FeS protein (Nuo B, -C,
-D, and -I), and a cytoplasmic NADH dehydrogenase (NuoE, -F,
and -G). The genes encoding these are sometimes found together
as an operon (30, 31), but in the BOGUAY genome they are split
among several contigs (see Table S1 in the supplemental material)
in such a way that they cannot be strung together. There are two
nonidentical copies of several of them (NuoB, -C, -D, -F, and -H).
The contig 00322 ORFs, which are all on the same strand, are
preceded by a putative antitoxin/toxin gene pair (00322_3114 and
00322_3115), while the series of Nuo genes on contig 00285 is
interrupted by a putative transposase gene (00285_1232), suggest-
ing that an ancestral operon might have been disrupted or that the
genes may have been introduced by lateral transfer. Contig 00322
also includes a possible hybrid cluster protein (Hcp) gene, dis-
cussed elsewhere (MacGregor et al., submitted).
Downstream of the NuoN gene, on the opposite strand, are
four ORFs putatively encoding a (NiFe) hydrogenase small sub-
unit (00024_0684); a protein related to the membrane-anchor
subunit of nitrate reductase, NarI (00024_0685); and two similar,
but not identical, FeS oxidases (00024_0686 and 0687). In numer-
ous related sulfur-oxidizing species, including Thiothrix nivea JP2,
Beggiatoa alba B18LD, and Thiorhodovibrio sp. strain 970, ho-
mologs of the first three genes are followed by a gene putatively
encoding the large subunit of a (NiFe) hydrogenase. The cognate
gene in the BOGUAY genome (00336_4411) is found separately at
the beginning of a small contig with only two other ORFs not
obviously related to the hydrogenase function (one putative ApaH
gene, part of purine metabolism, and one 26-aa fragment with no
good database matches). This may be further evidence of genome
rearrangement in the vicinity of 00024_0691.
The partially purified pigmented protein has peroxidase, hy-
droxylamine oxidase, hydrazine oxidase, and nitrite reductase
activities. The pigmented protein was enriched from orange-mat
supernatant by ammonium sulfate precipitation and tested for
peroxidase activity (characteristic of cytochromes), hydroxyl-
amine and hydrazine oxidation, and nitrite reduction. An 50-
kDa protein in the 80% ammonium sulfate precipitate comigrated
on SDS-PAGE gels with bands having peroxidase, hydrazine oxi-
dase, and hydroxylamine oxidase activities (Fig. 4). The hydroxy-
lamine oxidase assay (Fig. 4D) was carried out on a lower-percent-
age acrylamide gel in order to run off a second positively reacting
FIG 3 Gene neighborhood of ORF 00024_0691. Annotation is based on
IMG/ER and JCVI results, which were similar, except that IMG/ER (here and
in general) annotates more short hypothetical proteins.
FIG 4 Partial purification and activity assays of the abundant orange protein.
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protein or reagent, which has not been further identified. Bovine
serum albumin (BSA) was included as a control for nonspecific
activity.
The hydroxylamine oxidase, hydrazine oxidase, and nitrite re-
ductase activities of the original mat supernatant and the partially
purified protein were then assayed spectrophotometrically (Table
1) (no in-gel assay for nitrite reductase activity is available). All
three activities were detected and were purified to similar extents,
suggesting they are carried out by the same protein.
DISCUSSION
Function of the abundant multiheme cytochrome. By sequence
database comparisons, the abundant orange protein falls within a
large group of octaheme cytochrome hydrazine and hydroxyl-
amine oxidases, most of which are known only from genomic
sequences. Neither function seems likely, from what is known of
Beggiatoaceae physiology or from the pathways putatively en-
coded by the genome (MacGregor et al., submitted). Hydrazine
oxidation is known as a step in anaerobic ammonia oxidation
(anammox) (32), found in only a limited group of bacteria. Ana-
mmox also requires a hydrazine synthase, not identified in the
BOGUAY genome. Hydroxylamine oxidases are involved in aer-
obic ammonia oxidation, which likewise is known to be carried
out by only a few microbial groups (33). No BOGUAY homolog
for the ammonia monooxygenase (AmoA) required by all identi-
fied ammonia oxidizers could be found in the genome.
The genomic neighborhood of ORF 00024_0691 provides few
obvious clues to the function of the abundant orange protein
(Fig. 3). There are two short ORFs encoding hypothetical proteins
upstream on the same strand and a possible hydrolase (00024_
0692) and mobile element or remnant thereof (00024_0693)
(MacGregor et al., submitted) downstream. The latter might sug-
gest that the cytochrome gene was once located elsewhere in the
genome or acquired by gene transfer. There is no evidence in
IMG/ER that close relatives of the putative hydrolase gene are
associated with cytochromes; they are most often found adjacent
to other possible hydrolase genes. The BgP homolog of BOGUAY
00024_0691 (BgP_3120) is on a short contig with only three other
annotated ORFs, which bear no apparent sequence or functional
similarity to the 00024_0691 gene neighborhood; they are anno-
tated as a sigma-54-dependent response regulator (BgP_3117); a
potassium uptake protein, TrkA (BgP_3118); and a short hypo-
thetical protein (BgP_3119). The first two are found together in
several related species (including B. alba B18LD), but not in
BOGUAY, and not in association with multiheme cytochrome
genes.
Activities and abundance of multiheme cytochromes. In vitro
characterization of the partially purified orange Guaymas Beggia-
toa protein identified no definitive function. Specific activity in all
three assays tested— hydroxylamine oxidation, hydrazine oxida-
tion, and nitrite reduction—increased by approximately the same
factor with purification, and the two activities that could be as-
sayed on gels (hydroxylamine and hydrazine oxidation) both co-
migrated with the strongly Coomassie- and heme-staining band.
The in vivo activity (or activities) of the protein may, of course, be
different, depending on its subcellular location, local environ-
ment, and interaction partners. Alternatively, it is theoretically
possible that some minor contaminant may be responsible for the
activity. However, the fact that a single ORF could be identified in
the genome from a band cut from a similar SDS-PAGE gel sup-
ports the attribution of these activities to a single protein. Multiple
in vitro activities have been demonstrated for other multiheme
cytochromes, including the Thioalkavibrio nitratireducens (34)
and Shewanella oneidensis (35, 36) cytochromes discussed above.
The T. nitratireducens enzyme also has sulfite reductase activity,
which was not tested for in this study (the BOGUAY genome does
encode a possible SorAB sulfite oxidase [MacGregor et al, submit-
ted]).
Abundant multiheme cytochromes with hydroxylamine
and/or hydrazine oxidase activity have been noted in enrichment
cultures of anammox bacteria. A protein classified as an HAO/
HZO (23, 24) accounted for as much as 9% of the total soluble
protein in a “Candidatus Brocadia anammoxidans” enrichment,
and an HAO accounting for 7% of the total protein was purified
from a cell extract of an anaerobic ammonia-oxidizing sludge
dominated by strain KSU-1 (24). The functions of these proteins
are not known, although they are considered to play a role in
anammox. The apparent abundance of the 00024_0691 gene
product in Coomassie-stained mat supernatants (Fig. 4A) and its
straightforward MS-MS identification are consistent with its be-
ing a major orange Guaymas Beggiatoa protein, although other
explanations are possible; for example, it might have unusually
high extracellular stability as mat samples are frozen and thawed.
If it functions primarily as a hydroxylamine (or hydrazine) oxi-
dase, it is difficult to find a role for it in Beggiatoaceae nitrogen
metabolism as currently understood. Its most likely role at present
seems to be as a respiratory or perhaps detoxifying nitrite reduc-
tase in the vacuole and/or periplasm. The large volume of these
compartments compared to the periplasmic space of nonvacuolar
bacteria could require production of large amounts of soluble
proteins to achieve sufficient local concentrations. Alternatively,
or in addition, it could serve to detoxify other reactive nitrogenous
compounds that might accumulate transiently in the shifting hy-
drothermal environment.
Perspectives. Marine vacuolate Beggiatoaceae have so far
proven difficult to obtain in pure culture, which limits the possible
future experimental approaches. Comparison with the genomes
of other single filaments, particularly white ones, should reveal
differences in the potential cytochrome repertoire and possible
nitrogen respiration pathways. Immunolocalization using anti-
peptide antibodies and freshly collected mat material could clarify
whether the 00024_0691 protein is found in the periplasm, vacu-
ole, or both. Hyperspectral microscopy (37), which allows mea-
surement of pigment spectra at very high spatial resolution, is also
a possibility if periplasm and vacuole can be distinguished. While
technically challenging, in situ measurement of nitrogen com-









Hydroxylamine oxidased 0.02  0.006 0.16  0.1 7.2
Hydrazine oxidased 0.09  0.04 0.46  0.1 5.1
Nitrite reductasee 0.052  0.025 0.31  0.1 6.0
a For all assays, activities are shown as units  standard deviation (n  3).
b Protein concentration, 2.15 mg ml1.
c Protein concentration, 0.15 mg ml1.
d One unit is defined as (1 mol MTT/min)/(mg protein).
e One unit is defined as (1 mol methyl viologen/min)/(mg protein).
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pound concentrations in Guaymas Basin microbial mats over
time could reveal whether detoxification is likely to be required;
perhaps the OsmoSampler technique (38) could be adapted to this
purpose.
In conclusion, genomics-based methods allowed identification
of the gene encoding a protein whose abundance in microbial
mats suggests an important role, and this abundance allowed rel-
atively straightforward partial protein purification and initial
characterization. However, proof of its in vivo function will likely
still require culture- or enrichment-based experiments.
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